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AbUraet.  The  deacribed  AFCRC  experimental  ‘hyperbolic  direction  finder*  coosiafai  of  an 
array  of  rferic  reeeivera  in  the  New  England  area,  connected  by  wide-bond  data  imfco  ao  that 
microaecond  diffenncea  in  pulae  arrival  time  can  be  meaaured.  The  hyperbcdic  directiona  can 
be  determined  from  the  time  differences. 

In  a  aeries  of  coordinated  runs,  individual  aferies  originating  in  western  Euix^  were 
observed  by  both  the  New  England  net  and  the  aferies  net  of  the  Britiah  Meteorological  Office. 
The  BMO  fumiahed  the'  geographic  coordinates  of  the  lightning  strokes  so  that  measurements 
of  position  could  be  oompa^.  Tabulated  results  for  ISO  aferies  show  an  average  absolute 
deviatioa  from  the  mean  of  only  31  nautical  miles. 


Introduction.  Natural  radio  noise  in  the  3- 
to  30-ko/s  (VLF)  band  consists  of  impulses 
(sferics)  caused  by  electrical  activity  in  the 
earth's  atmosphere.  The  peak  power  radiated 
frmn  stone  lightning  strokes  approaches  the  or¬ 
der  of  1  million  megawatts.  Betuuse  of  generally 
good  propagation  in  the  VLF  band,  these  sferics 
are  receivable  at  tremendous  distances  from 
their  sources.  Aside  from  their  importance  to 
an  understanding  of  the  lightning  mechanism, 
sferics  provide  rich  sources  of  signals  for  stud¬ 
ies  in  radio  propagation,  and  they  are  useful 
in  locating  electrical  storms  for  meteorologic 
purposes.  Individual  lightning  strokes  can  be  lo¬ 
cated  by  triangulation,  from  bearings  supplied 
by  a  number  of  geographically  separated  obser¬ 
vation  stations  equipped  with  direction  finders. 
Conventional  sferic  nets  use  direction  finders 
of  the  type  first  described  by  WatsonrWatt 
[1926],  in  which  the  magnetic  components  of 
sferics  are  resolved  by  mutually  perpendicular 
loop  antennas,  and  displayed  on  a  cathode-ray- 
tnbe  screen  in  such  a  way  that  the  direction  of 
the  souree  is  dectronically  indicated,  almost  in- 
stantaneoiuiy. 

The  Watson-Watt  type  of  direction  finder 
sttfferir  from  three  major  defects:  riting  errors, 
errors  in  instrumental  accuracy,  and  polarisa¬ 
tion  errors.  Hie  first  two  can  presumaUy  be 
dhninated,  or  calibrated  out.  The  polarisation 


errors,  ascribed  to  the  effects  of  downcoming 
skywaves  that  have  undergone  a  rotation  of 
polarisation,  are  fundammitaUy  more  difficult 
to  cope  with.  These  wayes  induce  unwanted 
voltages  in  the  loop  anteniuu,  causing  the  eath- 
ode-ray-tube  display  to  be  either  indeterminate 
or  erroneous. 

The  new  type  of  instrumentation  described  in 
this  report  locates  sferics  by  timing  their  ar¬ 
rival  rather  than  by  resolving  magnetic-field 
components.  The  results  should  therefore  be 
relatively  free  of  polarisation  errors. 
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Fig.  1.  Station  oonfiguration. 
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Fig.  3.  bochrons  for  weaton  Europe. 


At  moderate  djetanoee  there  is  the  posribility 
of  proving  and  calibrating  the  time-of-«rrival 
net  by  means  of  artificial  sferics  generated  by 
a  new  teehnkine  [ATctman,  1957;  Leiou,  1968], 
bat  theoe  are  prabaUy  too  weak  for  testing  at 
mtereontinental  ranges.  In  the  present  eqwh' 


ment.  use  was  made  of  natural  sferics  occurring 
withiD  the  local  coverage  area  of  the  sferie  net 
of  the  Britidi  Meteondogioal  Office  \WoM  Me- 
teordogiofA  Orgamadm,  1956].  This  net,  iHiudi 
employe  the  cross-lo<^  technique,  provided  the 
fix  eoordinatee  of  the  individual  iig*itniiig«j 
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against  which  the  AFCRC  positional  data  were 
ctMnpaied.  Fixes  were  reported  to  the  nearest 
OJi”  of  latitude  and  of  lonptade.  This  is  some¬ 
what  equivalent  to  the  nearest  30  nautical  miles 
in  norUi-south  podtion  and  the  nearest  18Ji 
miles  in  east-west  position.  Because  the  AFCRC 
net  lies  more  or  less  due  west  of  Europe,  the 
time  differences  measured  by  AFCRC  are  rela- 
tivdy  ineenative  to  the  east-west  podtion  of  the 
lightning  stroke  but  quite  sendtive  to  its  north- 
south  position. 

Qenerti  Deteription  of  the  hyperboUe  dbrec- 
tion  finder.  The  AFCRC  hyperbolio  direction 
finder  consists  of  an  array  of  four  stations  ar¬ 
ranged  as  shown  in  ngure  1.  The  three  stations 


at  the  apexes  of  the  triangle,  namely  those  at 
Hogback,  Jerimoth,  and  Derry,  are  similar  un¬ 
manned  stations,  each  of  which  has  two  func¬ 
tions:  (1)  to  recdve  the  VLF  sferio  pulses  on  a 
vertical  antenna,  and  (2)  to  relay  the  recdved 
VLF  signals  continuously  over  a  microwave  link 
to  the  master  station  on  Mt.  Wachusett.  At  the 
master  station  tour  VLF  dgnals  are  available, 
the  one  received  directly  at  the  master  station, 
and  a  relayed  signal  from  each  of  the  three 
slaves.  At  the  master,  the  sferic  pulses  are  dis¬ 
played  on  oscilloscopes  and  photographed  on 
continuoudy  moving  35-mm  film.  (See  Appen¬ 
dix  A.)  When  studying  long-range  sfeiics  from 
approximately  the  same  direction  only  two  slave 
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Fig.  4.  Sequence  of  events  at  master  station  (Mt.  Waehusett). 


signals  are  needed.  The  signals  used  are  from 
the  pair  of  slaves  whose  base  line  is  most  nearly 
at  right  angles  to  the  direction  of  interest,  ffinee 
then  an  three  slaves,  then  is  always  at  least 
one  suitable  pair,  no  matter  what  the  direction 
of  interest  is.  In  the  transatlantic  sferics  experi¬ 
ment,  the  Hogback-Jerimoth  pair  was  appro¬ 
priate. 

The  pulses  as  recdved  at  Hogback  and  Jeri- 
moth,  after  being  delayed  known  amounts  by 
traveling  over  the  microwave  links,  wen  re¬ 
corded  at  the  master  station  along  with  time 
marken.  The  original  diffennce  in  arrival  time 
of  the  sferie  wave  at  Hogback  and  at  Jerimoth 
could  be  deduced  from  the  photogn^>hie  film. 
From  this  information  a  line  of  position  for  the 
hl^tning  stndm  was  determined. 

For  eonstant-vdocity  radio  waves  on  a  plane 
earth,  the  locus  of  a  puhw  source  that  ghres  a 
constant  difference  in  arrival  time  at  two  slaves 
is  a  hyperbola.  On  a  curved  earth  the  curves  of 
equal  time  difference  (isochrons)  involve  geo¬ 
desics,  and  an  best  calculated  with  the  aid  of 
deetronie  computen.  (At  ranges  large  cooqMnd 
with  base-line  length,  and  ne^eeting  the  earth’s 
elliptieity  and  wavoiiropagatioo  anomaBss,  the 
isodtrons  qiproximate  gnat  drdes.)  The  iso¬ 
chrons  diown  in  Fignn  2,  obtahied  in  tUs  way, 
indude  aOowanee  for  the  effiptidty  of  the  earth. 
(See  Appoidfix  B.)  (These  eurves  an  similar  to 
those  us^  in  Loran  navigati  j,  and,  in  fact,  the 


arrival-time  technique  is  commonly  called  In¬ 
vent  Loran — ^inverse  in  the  sense  that  the  roles 
of  the  receiven  and  transmitters  an  inter¬ 
chain^.)  In  Figun  2  the  lines  of  latitude  and 
longitude  an  npresented  as  orthogonal  straight 
lines,  and  the  li^r  degree  scales  have  been  ad¬ 
justed  so  that  nlative  distances  an  approxi- 
matdy  preserved.  The  isochrons  an  drawn  with 
5-juaec  intervals,  convenient  for  interpolation,  1 
/isec  corresponding  to  a  displacement  of  about 
6  nautical  miles.  The  approximate  geographic 
area  covered  is  shown  framed  in  Figun  3. 

The  isochrons  in  Hgun  2  permit  determina¬ 
tion  of  Bnes  of  potition  only^  If  then  wen  a 
second  net  similar  to  the  New  Enghuid  net,  say 
in  Alaska,  the  isochrons  from  this  would  inter¬ 
sect  with  those  in  Figun  2  and  permit  actual 
fixes  to  be  obtained. 

To  understand  the  action  of  the  AFCRC  net, 
suppose  that  a  sferie  originates  from  the  north¬ 
east  somewhen  on  the  sero  isochron,  thus  ar¬ 
riving  exactly  simultaneoualy  at  Ho(^ck  and 
Jerimoth.  IMerenee  to  Figun  1  will  show  that 
the  master  station  receives  the  sferie  directly 
about  110  fiaeo  befon  it  arrives  at  Hogback  and 
Jerimoth.  After  leaving  Hogback,  the  microwave 
ngnal  arrives  at  the  master  station  284  /usee 
later.  The  corresponding  delay  for  Jerimoth  is 
239  ftaee.  The  sequence  of  events  at  the  master 
station  is  illustrated  in  Figun  4,  when  the 
Waehusett  signal  is  shown  beginning  at  time 
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Fig.  5.  Typical  film  recwd. 


zero.  About  349  fisee  later  the  relayed  signal 
from  Jerimoth  arrives,  and  394  psec  later  the 
relayed  signal  from  Hogback  arrives. 

Shortly  after  the  direct  signal  begins  at 
Wachusett,  its  instantaneous  amplitude  exceeds 
an  arbitrary  threshold  level  at  time  A,  Figure  4. 
This  instant  is  not  a  critical  one  in  the  time 
measurmnent,  but  is  used  to  switch  on  the 
beams  of  oscilloscopes  1  and  2  (see  Fig.  6),  and 
to  initiate  their  800>fisec  sweeps.  When  the  re¬ 
layed  pulse  from  Jerimoth  arrives  at  349  /taec, 
it  is  displayed  on  scope  1,  the  800-/taec  sweeps 
being  already  under  way.  Similarly,  the  Hog¬ 
back  signal  is  displayed  on  scope  2.  These  dis¬ 
plays  are  for  the  purpose  of  recording  the  whole 


waveforms  but  are  too  slow  to  permit  accurate 
time  resolution. 

At  the  instant  A,  Figure  4,  a  phantastron  cir¬ 
cuit  is  also  initiated.  After  an  adjustable  delay 
(in  this  case  about  250  /*sec),  this  circuit  puts 
a  marker  tick  on  each  of  the  slow  sweeps,  simul¬ 
taneously  brightens  the  beams  on  scopes  3  and 
4,  and  triggers  the  200-/usee  sweeps.  These  fast 
sleeps  display  the  beginnings  of  the  sferics  with 
sufficient  time  resolution  to  permit  the  precision 
time-difference  measurement.  If  the  source  of 
the  sferic  had  been  south  of  the  zero  isochron, 
the  signal  relayed  by  Jerimoth  would  have  ar¬ 
rived  sooner,  and  that  from  Hogback  later,  than 
the  time  shown  in  Figure  4.  (To  make  it  possible 
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Fig.  6.  OrienUtion  of  the  oacillaee<q)ea. 

to  centec  the  fast  8weq>  on  the  hegmnutg  of 
sferies  from  any  arbitrary  direction,  two  in* 
dependently  variaUe  phantastrona  are  provided, 
one  for  ea^  alave,  both  bong  imtiatad  at 
A.  Thk  feature  was  not  needed  and  wag  not 
used  in  the  present  experiment.) 

The  sweeps  shown  in  Figure  6  are  imaged  by 
the  open  camera  lens  onto  SS^nm  film,  driven 
at  a  uniform  but  adjustable  speed.  In  the  ab¬ 
sence  of  defiecting  signals  the  sweeps  would  h>- 
pear  on  the  film  as  almost  horisontri  lines,  ainee 
the  sweep  vdocity  is  many  *itnw  greater  th»" 
the  film  vdodty.  Figure  5  is  an  enlargement  of 
a  section  of  Sfi-^nm  film  riiowing  aferie  wave¬ 
forms  on  the  four  data  scopes.  An  idmtifieatio" 
marker  put  <m  by  the  ai^  Hmo  and  identi¬ 
fication  scope  is  also  shown  along  the  edge.  The 
orientation  in.  Figure  0  is  the  same  as  in  Fig¬ 
ure  5. 

Every  10  /iseo,  a  diaip  timingHnailt  pulse 
from  a  staUe  oscillator  is  rimultaneeualy  fed 
into  both  the  fast-sweep  oadlloscopes,  every 
tenth  or  lOO-fwec  marie  bring  aecentuated.  These 
maricMs,  whirii  can  be  seen  in  Figure  6,  provide 
the  essential  scale  for  the  preriskm  tiim  meas¬ 
urement,  in  a  way  compl^y  independent  of 
the  aeeuraey  of  sweep  initiation,  sweep  linearity, 
and  so  forth. 

The  <filforenee  in  time  of  arrival  of  the  re¬ 
layed  pulses  at  the  master  station  is  measured 
from  the  idwtographie  records  of  the  fast  trace. 
Then,  from  the  ktiown  travri  times  and  instru¬ 
mental  ddays,  the  differenee  in  original  arrival 
times  at  the  riaves  it  inferred.  This  is  the  tiitM 
diiferenee  for  which  the  isochrons  (Fig.  2)  are 
eonqmted. 

Figure  2  shows  only  small  portions  of  the 
isodirons.  If  them  were  actually  cattinued  back 
toward  the  receiving  (dave)  stations,  they 
would  peas  between  them  and  continue  on  out 
again.  8hiee  a  h^tning  stroke  anywhere  on  an 
isochron  gives  the  same  time  difference  this 
measurement  ahme  cannot  incBcate  cm  iriiich 
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side  of  the  bam  line  ommecting  the  two  slaves 
the  lightning  occurred.  This  ambiguity,  however, 
is  easily  resolved  from  information  supplied  by 
the  master  station.  In  Figure  1,  if  the  sferie 
came  frun  the  southwest  limb  of  the  isochron, 
the  relayed  pulses  frmn  Hogback  and  Derry 
would  have  arrived  only  eii^tly  (about  130 
Msee)  after  the  direct  arrival  at  the  master  sta¬ 
tion,  instead  of  about  350  jusec  as  depicted  in 
Figure  4.  The  approximate  arrival  sequence  of 
relayed  from  Hogback  and  Jerimoth, 

relative  to  the  direct  arrival  at  the  Mt.  Wachu- 
sett  master  station,  is  drown  in  Figure  7  for 
all  arimuths.  In  tto  figure  slight  departuns 
from  symmetry  are  caused  by  the  fact  that  the 
net  geometry  itself  is  not  quite  symmetrical. 
The  optimum  pair  of  slaves  to  um  in  monitoring 
any  derired  direction  is  drown  in  Figure  8,  along 
with  the  approximate  tiitte  differences  at  the 
slaves,  for  sferies  of  distant  ori|^. 

During  the  transatlantic  runs,  each  sferie 
above  a  preset  level  at  the  master  triggered  the 
sweeps,  regardlem  of  the  direction  of  interest. 
Of  courm  many  of  the  sweeps  were  blank  or 
did  not  contain  a  matchable  portion  of  the  pulm, 
dnoe  for  thrir  direction  the  phantastron  delays 
were  not  iqrpropiiate.  In  a  more  refined  system 
a  mrks  of  gates  could  be  designed  so  that  thorn 
unwanted  sferies  would  not  register  at  all,  leav¬ 
ing  the  film  leeord  undutteied. 

Faetore  affecting  aeematg.  The  preriskm  of 


Fig.  7.  Approximate  airival  sequence  at  the 
master  station  for  sferies  of  distant  origin  relayed 
by  Hogbadc  and  Jerimoth. 
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Fig.  8.  Approximate  time  differences  and  opti¬ 
mum  eectora.  . 


phase  measurement  depends  on  just  how  simi¬ 
lar  the  recorded  pulses  from  the  two  slaves  are, 
and  this  in  turn  depends  on  a  number  of  factors 
that  can  be  roui^y  grouped  into  three  cate¬ 
gories:  propagation  effects,  noise,  and  in¬ 
strumentation.  In  dengning  a  time-difference 
system,  the  first  objective  is  to  make  the  instru¬ 
mentation  errors  negligibly  small  in  comparison 
with  the  propagation  and  noise  errors,  wUch  are 
of  natural  origin  and  harder  to  eliminate. 

For  this  reason  the  receiving  antennas  and 
thmr  siting  should  be  as  similar  as  possible  at 
all  slave  stations,  and  the  associated  amplifiers 
and  other  units  ^ould  be  as  nearly  identical  as 
possible  so  that  modifications  of  the  pulse,  if 
any,  will  be  similar.  There  is  a  question  of  what 
bandwidth  to  use  in  the  data  channels.  If  very 
narrow  bandwidtiis  are  used,  the  resulting  quasi- 
cycles  will  appear  nearly  identical,  but  narrow¬ 
ing  the  bandwidth  incream  the  susceptibility 
to  dight  changes  in  the  dectrical  components 
and  makes  recognition  of  corresponding  cycles 
more  difSeult.  In  deagning  the  equipment  it 
was  the  poUoy  to  make  the  data  l^dwidth 
broad  (4^  Wb),  leaving  for  future  experi¬ 
mentation  the  problem  of  assessing  the  advan¬ 
tage,  if  any,  of  decreadng  the  bandwidth. 

At  first  sight  it  mif^t  appear  that,  if  the 
time-difference  measurement  is  to  be  made  to 
the  order  of  a  rnierosecond,  a  datarohannel  band¬ 
width  of  the  order  of  a  megacycle  would  be  re- 
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quired.  This,  however,  is  not  the  case,  since  in 
principle  two  narrow-band  impulses  can  be 
matched  to  any  desired  degree  of  accuracy,  pro¬ 
vided  that  they  are  absolutely  identical,  and  pro¬ 
vided  that  there  is  sufficient  structural  det^  in 
the  pulses  to  permit  recognition  of  correspond¬ 
ing  cycles.  In  the  AFCRC  apparatus  the  800- 
/usec  sweeps  that  display  all  the  pulses  are  used 
to  ensure  that  the  correct  cycles  are  chosen  from 
the  fast  sweeps  that  usually  display  only  part  of 
the  waveform. 

In  the  case  of  the  VLF  sferic  pulses  received 
from  a  distance  of  several  thousand  miles,  the 
filtering  effects  of  the  propagation  path  com¬ 
bine  with  the  source  spectrum  of  the  sferic  to 
result  in  a  quasi-sinusoidal  waveform  of  quasi- 
frequency  of  the  order  of  15  ke/s  and  quasi¬ 
period  of  about  70  /tsec.  Thus,  if  time  differences 
are  to  be  measured  to  a  precision  of  1  /isec, 
this  amounts  to  measuring  the  relative  quasi¬ 
phases  of  the  pulses  to  about  1.4  per  cent  of  a 
cycle,  or  6*. 

The  components  of  the  microwave  circuit  are 
very  broad-band  (6  Mc/s),  and  the  delay  differ¬ 
ences  in  the  equipment  are  very  small  (order  of 
0.05  pace),  so  that  sligjht  changes  in  the  operat¬ 
ing  voltages  should  not  contribute  appreciably 
to  the  error. 

The  propagation  time  from  slave  to  master 
may  be  expected  to  vary  somewhat  with  the 
refractive  conditions  in  the  atmosphere.  Since 
the  index  of  refiacticm  of  air  in  the  region  cloee 
to  the  ground  is  of  the  order  of  n  s  1  -f  (800 
X  10^),  it  is  unlikely  that  changes  in  n  could 
cause  the  transit  time  along  a  straight  path  to 
vary  more  than  a  few  hundredths  of  a  micro¬ 
second.  The  increase  in  path  length  due  to  bend¬ 
ing  of  the  rays  should  not  amount  to  more  than 
a  few  tenths  of  a  microsecond  over  the  50-mile 
links,  even  assuming  angular  deviations  greater 
than  any  considered  by  Wong  [1958].  (Occa¬ 
sional  amplitude  changes  of  the  received  signal 


It  e-«  V  fIM  MIT.  U 


Fig.  9.  Illustration  of  phase  matching. 


1887 


Fig.  11.  IVaces  used  for  time<difference  measurement  (Aug  10,  1500Z-1600Z) . 
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Fi(.  13  TncM  uaed  for  time-difference  meaeurement  (Aug.  10, 1800Z,  to  Aug.  11, 1700Z). 
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Fig.  15.  TracM  oaad  for  time-dillerenoe  meaaumnent  (Aug.  22i-26). 
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- - - -  I  -  ■  1  e»uaed  by  other  lightning  strokes  than  the  ones 

desired.  Since  vertical-whip  antennas  currently 
used  accept  sferies  fnnn  idl  directions,  it  must 

- occaaionrily  happen  that  one  of  tbese  will  arrive 

eimultaneoudy  with  the  desired  aferic  pulse 

_ _ _  and  produce  a  resultant  waveform  sufSeieBtly 

III  distorted  to  prevent  an  accurate  phase  measure> 

fement.  In  the  event  of  a  thunderstorm  in  the 
- immediate  area  or  directly  overhead,  the  verti¬ 
cal  aiitenns  can  go  into  a  corona-discharge  con- 

J _ L_  _|  dition  that  temporarily  prevents  its  use. 

•**  **  Fiiudly,  there  are  errors  duo  to  tl»  baric  fact 

that  the  pulses  arrive  at  the  slave  stations  ftpm 
.  17.  Distribution  of  erron.  sli^tly  different  angles  with  respect  to  the 

source.  Snce  the  received  imlaes  will  therefore 

I,  but  when  the  microwave  instal-  ^  identic^,  t^  constito^  a 

adjustments  are  correct,  no  fades  ^  estimation  of  which  re- 

h  to  take  the  signal  out  of  the  FM  experimentotion.  It  would  seem  that, 

ge  have  been  observed  with  this  although  the  received  pulses  would  be  more 

siinilar  if  the  slave  stations  were  placed  dose 

iform  display  is  another  possible  together,  there  would  be  a  net  loss  of  accuracy 
rtrumental  error.  Since  the  10-i*aec  ^  concomitant  spreading  out  of  the 

s  are  applied  directly,  sweep  linear-  ...  , 

tnajor  source  of  error,  but  the  cath-  ^  recognmng  the  several  sources  of  m- 

I  trace  has  a  finite  spot  rise,  and  *'^‘*“**  ^  P^'P®*  P”*«“‘  «*- 

nt  equipment  the  injection  of  the  ^  ^  ^ 

,  to  determine  what  the  combmed  errors  were. 


mMMMwM  tMM  (■wieaimi 

Fig.  17.  Distribution  of  errors. 

are  observed,  but  when  the  microwave  instal¬ 
lation  and  adjustments  are  correct,  no  fades 
severe  enough  to  take  the  signal  out  of  the  FM 
limiting  range  have  been  observed  vnth  this 
equipment.) 

The  waveform  display  is  another  poeriUe 
source  of  instrummital  error.  Since  the  10-itsec 
time  markers  are  applied  directly,  sweep  linear¬ 
ity  is  not  a  major  source  of  error,  but  ^  cath- 
ode-ray-tube  trace  has  a  finite  spot  sise,  uid 
in  the  present  equipment  the  injection  of  the 
time  matkers  causes  a  slight  distortion  of  the 
trace  due  to  overshoot  of  the  markers.  This  con¬ 
tributes  to  the  phase-matching  errors,  particn- 
lariy  when  the  sferic  defieetions  are  wnril.  Any 
riight  distortions  in  the  amplifiers,  modulators, 
and  the  scopes  themselves  as  weU  as  image  res¬ 
olution  and  other  photographic  matters  shtmld 
be  conridered. 

In  general,  the  sferic  signals  are  fairly  large, 
so  that  there  is  little  or  no  difficulty  with  tube 
noise.  There  can  be  interference  frmn  near-by 
radio-frequency  transmitters  and  hifh-^oltsge 
power  lin«.  Ordinary  60-cyele  hum  can  be  re¬ 
duced  to  a  neiffigible  level  appropriate  shield¬ 
ing  and  filtering.  Communications  transmitters 
in  the  VLF  band,  such  as  NSS,  for  example, 
radiate  in  the  acceptance  band  of  the  appuatus, 
but  usually  this  makes  only  a  small,  inconse¬ 
quential  ripple  on  the  trace  or  is  entirely  negli- 
giUe,  depending  on  the  gain  setting  u^.  (A 
ripple  from  a  oeer-by  100>kc/s  Loran-C  trans¬ 
mitter  can  be  seen  on  the  early  part  of  the  J 
trace  of  sferic  D-2  of  August  10  at  1900  'QMT 
in  Fig.  18.) 

The  most  serious  form  of  interference  is  that 


fig.  18.  External  view  of  tyideal  riave  station. 
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TABLE  1 


HJ-7 

JH-21 

BMO 

JH-32 

JH-148 

JH-44 

JH-1S7 

JH-88 

JH-12S 

JH-180 

JH-187 

JB-00 

JH-167 

JH-100 

JH-160 

JH-147 

JB-fi2 

JB-M 

JH-43 

JH-42 

JH-<8 

JH-40 

JH-m 

JH-26 

JH-10 

JH-40 

JH40 

msi 

JH-40 

JH-41 

JH-tt 

JH-40 

JH-S6 

JH-48 

JH-«7 

JH-40 

JH-60 

JH-30 

JH-36 

JH-42 

JH-48 

JH-30 

JH-60 

JH-41 

JH-40 

JH-60 

JH-40 

JH-60 

JH-80 

JH-86 

JH-30 

JH-48 

JH-46 

JH-40 

JH-46 

JH-28 

JH-40 


HJ-82  54-1/3N-08  E 

HJ- 

HJ-64  66-1/3N-10  E 

HJ-13  50-1/2N-06  E 

JH-103  41  N-01-1/2W 

HJ-01  46-l/aN-18  E 

JH-112  30-1/3N-01-1/2W 

HJ-07  47-l/aN-14  E 


JH-105  40-l/aN-04  W 

JH-122  41.1/2N-O0  W 

JH-8  43-1/2N-10  E 

JH-112  41  N-04>1/2W 

JH- 


JH-116  41-l/aN-05  W 

JH-102  48-l/8N-0e-l/2W 

JH-7  51-1/3N-00-1/3W 

HJ-0  6O-l/aN-O0-l/2E 

HJ-2  61-l/aN-08  E 

N-07  E 
81-1/aN-  1-1/3E 
40-1/2N-07  E 

47-1/2N-06  E 
N-12  E 
61  N-18-1/2E 

N-00  E 
61  N-06-1/2E 

47- 1/W-08  B 
66-1/2N-06  W 
4fr-l/2N-06  E 

48- 1/3N-07  E 
40^1/2N-07  B 

N-4M  W 
61-1/2N-08-1/2W 
44-1/2N-10-1/2B 


61  N-a2-l/2B 

61  N-07-1/2B 

51-1/2N-01-1/2B 


61.1/2N-03-1/2W 
61-1/2N-  1-1/2E 
61-l/2N-0»-l/2W 


62-1/2N-07-1/3W 
61  N-04-1/2W 

80-1/2N-4H  E 


47- 1/2N-  8-1/2E 

46  N-02-1/2E 

62-1/2N-  -1/aE 

48- 1/3N-  Z-1/2E 

49- 1/2N-4W  E 
50  N-  6-1/2E 
40  N-  7-1/2B 
68-1/2N-  -1/2E 
60-1/3N-  6  E 


SYMPOSIUM  ON  SFERICS  AND  THUNDERSTORM  ELECTRICITY 
TABLE  1.  Contiuued 


Date, 

IMO 

Tfana, 

QMT 

Dedg- 

nation 

From  Film, 
mo 

&t  for 
SUvea 

BMOFix 

Perpendieubr 
Error,  naut.  milea 

B-4 

JH-60 

JH-24 

46-1/2N-10.1/2E 

18  8 

B-5 

JH-66 

JH-10 

62  N-  8-1/2W 

20S 

B-6 

JH-30 

HJ-15 

52.1/2N-  -1/2E 

68 

C-1 

JH-30 

HJ-15 

61  N-  7  E 

58 

C-4 

JH-116 

JH-71 

46  N-10  E 

SON 

IM 

JH.28 

HJ-17 

52-1/2N-  -1/2E 

5N 

E-1 

JH-68 

JH-13 

53  N-  7-1/2W 

90S 

Aug.  10 

1800 

A-1 

JH-62 

JH-17 

46  N-10  E 

ION 

A-2 

JH-60 

JH-06 

48  N-  8-1/2E 

ION 

B-6 

JH-43 

HJ-02 

52-1/2N-  8  W 

0 

C-2 

JH-68 

JH-13 

51-1/2N-  1  W 

20N 

C-4 

JH-42 

HJ-03 

52  N-00  W 

308 

D-l 

JH-40 

HJ-06 

52-1/2N-  3  E 

100  8 

D-6 

JH-62 

JH-07 

52-1/2N-  0  W 

308 

Aug.  10 

1000 

A-3 

JH-25 

HJ-20 

61-1/2N-  6-1/2E 

2N 

B-6 

JH-30 

HJ-15 

61  N-  6-1/2E 

18  N 

C-1 

JH-40 

HJ-6 

48-1/2N-11  E 

2N 

C-6 

JH-42 

HJ-3 

49.1/2N-07-1/2E 

2N 

D-2 

JH-30 

HJ-15 

61  N-04-1/2E 

30N 

E-I 

JH-30 

HJ-15 

51  N-05-1/2E 

16  N 

JH-38 

HJ-7 

40  N-07-1/2E 

44N 

Aug.  11 

1600 

A-3 

HJ-12 

HJ-67 

63-1/2N-12-1/2E 

18  N 

A-4 

JH-68 

JH-23 

46  N-Oe  E 

60N 

A-6 

JH-60 

JH-15 

48-l/2N-^)8-l/2E 

35  N 

B-l 

HJ-26 

HJ-71 

56-1/2N-06-1/2E 

5N 

03 

JH-61 

JH-16 

46-1/2N-06-1/2E 

SON 

D-l 

HJ-OB 

HJ-63 

63  N-14  E 

ION 

Aug.  11 

1700 

A-4 

JH-38 

HJ-7 

48  N-11-1/2E 

SON 

A-6 

HJ-6 

HJ-60 

64  N-11.1/2E 

308 

B-2 

JH-00 

JH-45 

43-1/2N-  7  E 

36N 

B-3 

JH-66 

JH-10 

46-1/2N-10  E 

SON 

B-6 

HJ-0 

HJ-64 

54  N-11  E 

0 

C-6 

JH-83 

JH-38 

44-1/2N-  7  E 

26N 

0-2 

JH-101 

JH-66 

43  N-06  E 

SON 

E-3 

HJ-10 

HJ-66 

64  N-11  E 

8N 

E-6 

JH.02 

JH-47 

43-1/2N-  8  E 

2N 

E-6 

JH-63 

JH-18 

46-1/2N-  0-1/2E 

68 

F-l 

JH-64 

JH-10 

46  N-11  E 

38N 

F-4 

HJ-16 

HJ-61 

66  N-lO-l/BE 

68 

F-6 

JH-« 

JH-17 

46-1/2N-  0  E 

16  N 

Aug.  10 

1400 

A-6 

JH-24 

HJ-21 

48  N-15-1/2E 

45N 

Aug.  10 

1700 

A-2 

JH-83 

JH-38 

46  N-  7  E 

62  8 

A-6 

JH-81 

JH-36 

44  N-  8  E 

68N 

B-l 

JH-02 

JH-47 

43  N-  0-1/2E 

66  N 

B-4 

JH-104 

JH-60 

42-1/2N-  7  E 

2N 

Aug.  10 

1800 

^6 

JH-37 

HJ-8 

46-1/2N-13-1/2E 

76  N 

B-6 

JH-41 

HJ-4 

46-1/3N-14  E 

42N 

Aug.  10 

1000 

B-3 

JH-64 

JH-10 

46-1/8N-10-1/2E 

308 

C-1 

JH-6(i 

JH-10 

47  N-10  E 

8N 

C-4 

JH-67 

JH-12 

47  N-10  E 

20N 

Aug.  31 

1600 

Ar6 

JH-40 

HJ-6 

61-1/2N-00  W 

6N 

B4 

JH-44 

HJ-1 

61-1/2N-00  W 

238 

F.3 

JH-40 

HJ-6 

61-1/2N-00  W 

5N 

0-1 

JH-61 

JH-6 

61-1/2N-00-1/2W 

568 

0-8 

JH-64 

JH-0 

40  N-06  E 

238 

Aug.  21 

1600 

C-4 

JH-30 

HJ-16 

63  N-  1  W 

158 

Aug.  25 

1600 

B4 

JH-138 

JH-08 

42  N-01-1/2W 

58 
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Date, 

1960 

Tune, 

OMT 

Derig- 

From  Film, 
seec 

Attor 

Slaves 

BMO  Fix 

p^rpondiottltf 
Etrcr,  naut  miles 

C-2 

JH-133 

JH-68 

42  N-01  E 

238 

D-2 

JH-121 

JH-76 

43-1/3N-A0-1/2E 

32N 

Aug.  25 

1600 

A-6 

JH-07 

JH-52 

42  N-  7-1/2E 

65N 

B-2 

JH-137 

JH-e2 

42  N-  1-1/2W 

6N 

C-2 

JH-137 

JH-02 

42  N-  1-1/3W 

ON 

C-4 

JH-07 

JHA2 

43  N-  7-1/2E 

14N 

Aug.  25 

1700 

A-1 

JH-160 

JH-115 

41  N-02  W 

60S 

A-5 

JH-142 

JH-07 

43  N-  4.1/2E 

190  S 

Aug.  26 

1600 

A-1 

JH-1Q2 

JHA7 

44  N-A5  E 

16  S 

A-2 

JH-147 

JH-102 

43  N-07  W 

58 

A-5 

JH-157 

JH-112 

42-1/2N-  7-1/2E 

290  8 

C-5 

JB-130 

JH-85 

43-1/3N-00  W 

70S 

D-2 

JH-153 

JH-106 

42-1/2N-  7  W 

13  8 

D-6 

JH-140 

JH-104 

42-1/2N-  7  W 

7N 

E-1 

JH-124 

JH-TO 

43  N-  0-1/2W 

ION 

Aug.  26 

1600 

B-1 

JH-122 

JH-77 

48-1/3N-  0-1/3W 

48 

B-2 

JH-121 

JH-76 

43-1/2N-  0-1/2E 

35N 

B-3 

JH-137 

JH-82 

41-1/2N-00  E 

66N 

BA 

JH-12S 

JH-88 

43-1/3N-00 

0 

B-6 

JH-153 

JH-107 

^l/2N-06  W 

ION 

C-2 

JH-1A4 

JH-100 

41-1/2N-  7.1/2W 

tiN 

CA 

JH-148 

JH-108 

43  N-  7-1/2W 

58 

D-l 

JH-122 

JH-77 

43  N-  0-1/3B 

OON 

D-2 

JH-111 

JHA6 

^1/3N-  8-1/2B 

88N 

DA 

JH-1S6 

JH-111 

43  N-A6  W 

15  N 

DA 

JH-150 

JH-106 

41A/9M-  7-1/3W 

06N 

Ai«.27 

1500 

D.2 

JHAOO 

JH-66 

45  N-Al  B 

ION 

BA 

JH-105 

JH-60 

U  N-04  E 

308 

CA 

JH-104 

JHAO 

44  NA»  E 

ON 

Aug.  26 

1600 

E-1 

JH-72 

JH-07 

45  N-AB1/2E 

30N 

Ai«.2l 

1700 

AA 

JH-163 

JH-117 

46  N-10-1/3W 

145  8 

BA 

JH-142 

JH07 

44  N-  6-1/3W 

398 

C-1 

JHAO 

JH-45 

4».l/aN-07  E 

38N 

CA 

JH-90 

JH-45 

44-1/9N-08-1/2E 

54N 

CA 

JH-89 

JH-44 

43-1/2N-07  E 

40N 

EA 

JH-88 

JH-43 

43  N-07-1/^ 

03N 

SutHtinlly  the  erron  ahould  heve  •  fixed  oora- 
ponent  (1^  enor)  end  •  nndom  oanponent 
(wetter  error).  If  truly  oMutast,  the  Idas  error 
would  be  rdativdy  unimportant  ainoe  eorree- 
timw  eould  be  made  for  H. 

The  tferice  expenmeet.  During  July  and 
August  1960  the  eiq;ierimental  AFCRC  time- 
differenee  net  was  operated  whenever  possible, 
ecmeurreiitly  with  the  scheduled  runs  of  the 
Briririi  Me^rologieal  Office  net.  Thew  runs, 
eaeh  10  minutes  kmg,  immediately  preceded 
eadi  hour,  the  first  run  ending  at  1900  and  the 
last  at  21(io  OMT.  During  them  runs  only  thow 
sferies  automatically  sdeeted  by  the  Dunstable, 
EniJand,  station  had  their  locatkms  determined. 


When  a  certain  one  was  selected,  Dunstable  sent 
out  a  beep  to  the  several  diieeticm-finding  sta> 
tions  in  the  United  ICngdom  by  land  line. 

Upon  recript  of  the  beep,  the  operators  at 
the  BMO  stations  manually  read  the  bearings 
of  the  flashee  from  a  line-and-seale  device  at¬ 
tached  to  their  cathode-ray  tubes,  and  rqwrted 
the  data  to  Dunstable.  Thm,  the  bearings  were 
plotted  on  a  map,  and,  from  the  intersecticm  ob¬ 
tained,  the  fix  coordinates  were  read  eit.  A  taUe 
of  eaeh  day’s  fixes  was  prepared  and  mailed  to 
AFCRC,  ahere  the  time-difference  data  were 
processed  and  analysed. 

The  purpose  of  the  beep  is  to  ensure  that 
all  operators  observe  the  same  sferic.  In  order 
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Fig.  21.  Master  station  relay  racks. 


Fig.  22.  Master  station  diqalay  unit. 
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to  evoki  oonfuakm  wImb  afetie  ntea  ue  high, 
and  to  allfnr  thiie  for  iwdiog  and  rq;wrttng, 
there  ia  a  nominai  dead  tiine  of  about  7  .aeooiida 
before  the  DanataUe  ■  apparatua  ia  ready  to 
aeleet  au^her  afeiie.  Every  aizth  beep  ia  made 
extra  long,  tboa  dhridiiig  the  afeiwa  into  groupa 
of  aiz.  In  thia  way,  if  one  abort  beqi  were  loat, 
oily  aome  of  the  iadiiddaal  afariee  within  that 
group  would  be  unidentiOaMe,  and  the  rriide 
ran  would  not  be  thrown  out  of  regiater. 

In  order  to  enaure  that  the  ATCRC  net  eould 
unamUguouiy  identify  the  aatne  imfividnal 
aferisa  ahoaen  at  Dimatable,  that  atatiofi  trane- 
mhted  the  beepe  by  diort-wave  radio  to  Amer^ 
iea,  on  SJOtS,  13281.  and  15206  Mc/a,  aa  a 
qiedal  anviee  for  tbk  aaqMfimeBt.  Tbeee  beepa 
were  teeeived  at  the  Mt.  Wadiuaatt  maeter 
atation  and  diqdayed  direetly  on  the  amaD  time- 
and4dentilieation  oeeDIaeeqpe  (lig.  0)  eo  that 
they  oould  be  photogr^ihed  on  the  aame  SSHom 
fifan  aa  the  aferiea  traoee.  Tbe  movement  of  the 
film,  tranaverae  to  the  beep  deflection  on  the 
weope,  produeed  the  ^rineal  indication  riwwn 
in  Figure  5.  Owing  to  tiw  relative  poaitkm  of 
the  cathode-ray  tubee,  orcidt  delaya,  and  ao 
forth,  the  beq>  ahraya  ^ipeara  on  ^  film  de- 
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layed  by  about  013  aec  from  the  oorreaponding 
aim. 

Data  nduetion  and  retulU.  The  varioua 
atepa  in  analyiing  the  AFCRC  film  for  each 
run  were,  in  order,  aa  fdlowa: 

(а)  Identify  the  beep  groupa,  and  the  indi- 
>ndual  beepa. 

(б)  Identify  the  eorreaponding  ^eriea,  noting 
thoae  that  appeared  dem^  and  with  an  ampli¬ 
tude  auitaUe  for  a  time  meeaurement. 

(e)  Note  whether  the  liat  from  the  BMO  gave 
ffacM  for  the  aferiea  arieeted  in  (6),  and,  if  ao, 

(d)  Carefully  trace  the  waveforma  and  time 
marinra  from  a  projected  image  of  the  film, 
and  label  the  traeea. 

(e)  Fhaae-mateh  the  braced  aferiea,  and  read 
off  the  time  difference  for  eadi  eaae,  aa  dia- 
euaaed  bdow.  ' 

if)  Correct  the  tone  difference  for  riave-to> 
maater  travel  timee,  to  obtain  the  actual  time 
differmce  at  the  davea. 

(p)  On  a  large  plotting  map  of  idiieh  Fig¬ 
ure  2  »  a  amaD-eeale  copy,  trace  tbe  meaauied 
iaoehron  for  each  aferie,  intarpolating  aa  re¬ 
quired. 

(h)  Plot  tbe  poaition  of  the  aforie  aa  reported 
by  the  BitO. 

(i)  Meaaure  the  ahorteet  (perpendieolar)  dia- 
tance  from  the  fix  to  tbe  iaodiron,  noting 
whether  the  iaoehron  fdl  north  or  aoutii  of  the 
fix  podtkm. 

(j)  Average  the  reeulta  from  an  aferiea  to  ob¬ 
tain  a  mean  rdotiva  error. 

(i)  Compute  the  average  abeohite  deviatimi 
from  the  mean. 

The  method  of  phaae  meeaurement  ia  iDua- 
trated  in  Figure  9,  which  diowa  the  traeea  from 
the  200-fiaee  aweepa  for  aferie  C4  on  Augnat 
28,  1959,  between  1650  and  1700  GMT.  (The 
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Fi(.  2S.  Block  diacnm  of  data  chaanels  from  alave  antenna  to  master  display. 


same  sferio  is  shown  in  Fig.  5.)  The  rule  used 
in  this  experiment  for  phase  measurement  was 
to  match  the  peaks  of  the  first  half-cycle  ap¬ 
pearing  clearly  defined  in  both  of  the  200-/<sec 
sweeps.  In  practice  the  tracings  were  on  trans¬ 
lucent  p^r  and  could  -be  slid  back  and  forth 
with  respect  to  each  other  until  the  match  was 
obtiuned.  In  matching  the  peaks,  approximatdy 
20  fiaee  of  the  traces  on  ei^er  side  of  the  peaks 
Bteie  taken  into  account  by  eye,  so  that  the 
phase  match  was  actually  a  mentaUy  averaged 
one  rather  than  a  simple  point  maMh. 

The  phase  match  having  been  decided  upon, 
the  corresponding  time  difference  was  read  by 
arbitrarily  choosing  one  of  the  10-fisec  markers 
near  the  peak  of  one  trace  (the  ISO-fiseo 
maiker,  point  x,  of  the  Jerimoth  trace  in  Fig. 
9),  and  the  corresponding  point  was  marked 
<«  the  other  trace  (point  x  of  thw  Hogback 


trace  in  Fig.  9) .  The  time  at  this  point  was  read 
by  interpolation;  for  Figure  9,  it  was  209  /tsec. 
This  meant  that  the  Jerimoth  display  received 
the  signal  269  —  180  =  89  /tsec  before  the  Hog¬ 
back  display,  as  is  indicated  by  JH  =  89  jusec 
in  Figure  9.  Had  the  sequence  been  the  other 
way  around  it  would  have  been  indicated  as 
HJ  =  89  jusec.  For  purposes  of  record,  the  trac¬ 
ings  of  the  200-jHseo  sweeps  for  all  sferioa  ana¬ 
lysed  are  given  in  Figures  10  through  10,  in 
which  the  corresponding  peaks  have  been 
aligned  at  the  indicated  match  points.  (The  as¬ 
signment  of  numbers  to  the  marker  pips  as 
riiown  in  Fig.  9  was  arbitrarily  adopted  for  con¬ 
venience  and  in  no  way  affects  the  results.)  The 
first  long  marker  to  appear  in  the  swe^  was 
deagnated  as  100  /laee,  and  the  second  long 
maiker  as  200  /tsec.  Tte  amplitude  scales  for 
the  wave  forms  in  Flares  10  through  16  are  ar- 


Fig.  30.  Block  diagram  for  weeps  (master  station  cmly). 
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Intrary,  since  the  individual  receiving  antennas 
had  not  been  calibrated.  Measurements  of  the 
same  sferics  at  the  near-by  Bedford  Labora¬ 
tory,  however,  indicated  center-to-peak  field 
strengths  averaging  about  150  mv/m. 

The  data  for  each  sferic,  including  the  per¬ 
pendicular  error,  we  given  in  TaUe  1.  In  ao> 
cordance  with  the  measured  roimd-trip  micro¬ 
wave  ddays  as  described  in  Appendix  A,  the 
phase  difference  at  the  master  was  converted 
to  phase  difference  at  the  daves  subtracting 
45  itsec  from  a  JH  reading^  or  adding  45  ^isec 
to  an  HJ  reading.  The  data  as  summarised  in 
TaUe  1  indicats  a  laas  error’  of  0.3  nautical 
mile  south,  sriiidi  is  not  significantly  different 
from  sero.  The  'scatter’  emr  has  an  average 
abeotnte  value  of  81  nautical  miles,  which,  at 


a  range  of  3000  nautical  miles,  corresponds  to 
a  bearing  deviation  of  about  0.6°.  This  error 
is  a  combination  of  the  errors  of  both  the  BMO 
net  and  the  AFCRC  net.  The  number  of  sferics 
falling  in  various  10-mile  intervals  of  error  is 
shown  in  the  bar  graph  of  Figure  17,  which  in¬ 
dicates  a  reasonably  ‘normal’  distribution. 

Concltuion  and  comments.  In  the  course  of 
making  the  phase  matches,  tiie  impression  was 
obtained  that  much  of  the  error  is  due  to  the 
display  instrumentation,  particularly  the  method 
of  time-mark  injection,  and  the  quality  of  the 
photographic  film  recorded,  both  of  which  can 
be  improved. 

During  the  runs,  equipment  troubles  of  <»» 
kind  or  another  caused  ^e  greater  part  of  the 
loss  of  data.  The  second  greatest  cause  of  data 
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Fig.  28.  Master  trigger 
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Fig.  29.  Block  diagram  of  one  aet  of  dual  scope  data  display  unite. 


loss  was  failure  to  record  the  HF  beeps  clearly; 
they  could  often  be  heard  and  recognized  by 
ear,  but  recognition  of  their  recorded  envelopes 
on  the  film  record  was  much  more  difficult. 
Usually,  loss  of  a  single  beep  meant  loss  of  the 
whole  gproup  of  six  sferics,  mnce  their  identifica¬ 
tion  was.no  longer  certain.  During  the  operating 
period  there  were  two  intervals  of  HF  black¬ 
out  (August  14-18  and  20-26),  for  which  no 
iden^cations  were  possible  at  all,  althouf^  ap¬ 
parently  sferics  were  being  received  as  usual. 

All  the  runs  described  were  made  when  the 
North  Atlantic  propagation  path  was  entirely 
in  da)dight.  To  determine  whether  the  same  or 
simiUr  results  can  be  obtained  at  other  times  of 
day  and  other  seasons  of  the  year  will  require 
more  prolonged  and  more  comprehensive  experi¬ 
ments.  If  the  accuracy  of  30  miles  in  3000  ob¬ 
tained  in  this  one  experiment  is  consistently 
possible,  it  would  appear  that  two  hyperbolic 
DF  stations,  one  in  northeastern  United  States 
and  one  in  Alaska,  could  give  sferic  fixes  over 
large  portions  of  both  Europe  and  North  Amer¬ 
ica. 

Apfxndix  a.  Ihstrukentation 

Data  link  equipment.  The  geometric  layout 
of  the  slaves  and  the  master  is  shown  in  Figure 
1.  All  stations  are  on  elevated  locations  to  en¬ 
sure  line-of-sight  paths  for  the  microwave  relay 
links.  In  order  to  clear  near-by  trees  and  temun 
the  microwave  antennas  were  placed  on  upright 


scaffold-type  towers.  Figures  18  and  19  are 
exterior  and  interior  views  of  a  typical  slave 
station  (Derry,  N.  H.).  Figures  20,  21,  and 
22  show  the  exterior  and  interior  of  the  master 
station  at  Mt.  Wachusett.  The  master  station 
has  three  parabolic  receiving  antennas,  one  di¬ 
rected  at  each  slave^All  the  microwave  antennas 
are  6  feet  in  diameter. 

The  microwave  equipment  is  the  commer¬ 
cially  available  Raytheon  KTR  lOOOA,  which 
operates  at  about  7200  Mc/s.  The  inffividual 
transmitters  are  tunable  within  limits,  thus 
avoiding  any  possibility  of  interference  with 
one  another.  The  KTR  lOOOA  is  an  FM  system 
that  radiates  1  watt  and  provides  a  video  band¬ 
width  of  6  Mc/s.  A  block  diagram  of  the  equip¬ 
ment  is  shown  in  Figure  23. 

The  over-all  transmission  delay  beween  the 
video-input  and  video-output  terminals  (Fig.  23) 
is  determined  by  a  round-trip  transmission 
measurement.  For  this  a  portable  microwave 
link  is  used  to  transmit  a  sharp  pulse  from  the 
master  to  a  slave,  where  the  pulse  is  fed  di¬ 
rectly  into  the  permanent  link  to  complete  the 
round-trip  circuit  back  to  the  master,  as  shown 
in  figure  24.  At  the  master  station  the  outgoing 
sharp  pulse  is  also  fed  to  one  of  the  fast-eweep 
display  scopes.  Also  at  the  master  the  receiver 
of  the  permanent  link  is  fed  into  a  second  fast- 
sweep  display  scope.  These  scopes  sweep  con¬ 
tinuously  with  time  maiks  on  them,  and  the 
display  is  photographed  so  that  the  time  differ- 
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Fig.  30.  Timing  circuits. 


ence  between  the  oripual  pulse  and  the  round- 
trip  pulse  can  be  measured  on  the  film.  Hie 
one-way  transmission  time  is  obtained  by  divid¬ 
ing  the  round-trip  time  by  2. 

From  these  measurements,  correcting  for 
slight  differences  in  equipment,  the  delays  from 
slave  antenna  to  display  scope  were  found  to 
be  as  follows:  Hogba^  to  Mt.  Waehusett,  284.1 
fiBec]  Jerimoth  to  Mt.  Waehusett,  2392  /tsee. 

Data  channdi.  The  antennas  used  for  re¬ 
ceiving  sferics  consist  of  vertical  whips  24  feet 
long.  For  reasons  of  convenience  they  are  cur¬ 
rently  attached  to  the  nucrowave  towers  (see 
Figs.  18  and  20).  The  block  diagnun  of  Fi^re 
25  traces  the  signal  from  the  antennas  to  the 
oscilloscope  display.  The  over-all  frequency  re¬ 
sponse  is  essentially  flat  from  5  to  35  kc/s,  and 
the  3-db  points  are  4  and  45  kq/s.  Hiroui^ 
remote-eontrol  tone-link  from  the  master  sta¬ 
tion,  an  oscillator  located  at  each  of  the  slave 
stations  can  be  caused  to  inject  a  ncjoinal  10- 
kc/s  wgnal  into  the  data  channel,  for  testing 
and  calibration  purposes. 

Sweep  dreuite.  The  purpose  of  the  sweep 
circuits  is  to  provide  sweeps  of  the  desired 
speeds,  starting  at  j'ust  the  right  time  to  display 
the  waveforms  of  tiie  incoming  pulses,  particu- 
lariy  their  beginnings;  see  Figure  4.  Tbe  block 
diagram  for  accomplishing  this  is  shown  in  Fig¬ 
ure  When  the  signal  from  the  antenna  ex¬ 
ceeds  an  (adjustable)  threshold  value  (potitive 
or  negative)  the  Schmidt  trigger  is  actuated, 
thus  starting  the  slow-sweep  generator  and  ini¬ 
tiating  the  phantastrons,  which  subsequently 
trigger  the  two  fast  sweeps.  The  phantastron 
delays  are  adjustable  so  that  their  fast  sweeps 
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can  be  made  to  occur  at  the  desired  instants, 
depending  on  which  slaves  are  used  and  the 
direction  of  the  sferics.  The  schematic  diagrams 
for  the  laboratory-constructed  circuits  are  given 
in  Figures  27  and  28;  Figure  29  is  a  block  dia¬ 
gram  of  the  display-scope  units. 

Timing  eircidta.  The  microsecond  time  re¬ 
quired  for  the  precision  phase  matching  is  pro¬ 
vided  by  a  General  Radio  type  1101-A  master 
oscillator  at  the  master  station.  Standard  count¬ 
down  circuits'  provide  the  10-  and  100-/t8ee 
markers  for  injection  into  the  data-display 
scopee. 

Coarse  time  markers  for  sferic  identification 
can  be  fed  to  the  (small)  time  and  identification 
scope  shown  in  Figure  6.  In  the  transatlantic  ex¬ 
periment  the  HF  beep  from  Dunstable  was  dis¬ 
played  as  a  horizontal  deflection,  transverse  to 
the  film  motion,  giving  marks  of  the  kind  shown 
in  Figure  5.  For  other  purposes  it  may  be  de¬ 
sirable  to  record  world  time  on  the  film. 

To  accomplish  this,  the  master  oscillator 
phase  is  adjusted  to  synchronize  with  the  re¬ 
ceived  WWV  standard  time  transmissions  by 
means  of  a  monitor  scope,  as  indicated  in  Fig¬ 
ure  30.  Count-down  dreuits  then  provide  10-, 
100-,  and  lOOO-msec  markers  which  are  fed  to 
the  time  and  identification  scope.  In  order  to 
register  still  larger  intervals  of  time  a  50-cp« 
electric  clock  set  to  world  time  is  driven  by  an 
amplified  50-cp8  voltage  from  the  count-down 
circuits.  At  10-second  intervals  a  flasher  unit 
illiuninates  the  clock  face  so  that  its  image  reg¬ 
isters  on  the  film.  A  more  complicated  alterna¬ 
tive  cystem  unng  electronically  flashed  numeral- 


Fig.  81.  Photographic  system. 
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Fig.  .32.  Points  <m  an  oblate  sphere. 


shaped  neon  tubes  (below  the  scopes  in  Fig. 
22)  for  indicating  time  was  used  with  only  in¬ 
different  success. 

Photographic  tgtUtn.  The  photographic  sys¬ 
tem  (see  Fig.  31),  containing  a  camera  and  a 
monobath  rapid  processor,  was  laboratory  con¬ 
structed.  Since  film  emerges  from  the  processor 
dry  it  may  be  passed  directly  through  a  projec¬ 
tor  for  analysis  or  wound  on  a  take-up  reel  for 
later  study  as  was  done  in  the  transatlantic 
sferics  runs. 

The  film  is  normally  driven  throu^  the  cam¬ 
era  processor  at  about  0.7  inysec,  but  other 
speeds  in  the  range  from  01  inysec  to  4  H/tbc 
may  be  used.  At  0.7  in./aee  the  processed  film  is 
avifiable.for  projeerion  about  4  mirnttes  after  the 
exposure.  Dupmnt  931  film  and  Mauer  mono¬ 
bath  scdution  have  been  used  with  an  /  4  lens 
setting  with  satisfactory  results. 


determine  for  given  C  it  is  necessary  to 

solve  the  equation 

F(#)  =  0  -  -  C 

First  9»  and  a  first  approximation  to  ^ 
are  chosen  and  F(^')  is  calculated.  Iteration  by 
the  method  of  rtgula  falsi  gives  The  relevant 
formulas  for  determining  the  distance  Su  along 
the  interaction  between  two  points  (^,  d,), 
(^,)  are: 

Si*  “  Vi  —  (h,t/a)* 

A  *  _ 

**  i*  cos*  f  +  sin*  » 


eoe  St/  ~  sm  sin  ^ 

-(-  coe  ^1  cos  ^  coe  (fit  ~~  di) 


sin  u 


coe^sm(dt  --  di) 
sin  St/ 


cos  i  eoe  sin  u 


tana 


tan4i 

CCS  u 


0  -  5,.'  +  a 

tan  (a/Ait)  tan  a 


Ammix  B.  Calculation  or  a  Htfbrbouc 
Onro  ON  AN  Oblate  Earth 

A  hyperbolic  grid  on  an  oblate  sphere  is  de- 
termiiMd  as  fdlows:  Given  two  points  and 
Pi  (Fig.  32)  on  the  surface  of  an  oblate  sphere 
(major  axis  2a,  minor  axis  26)  with  small  ec¬ 
centricity,  the  proUem  is  to  detertniiw  the  locus 
of  points  P«  on  the  sphere  such  that  Sm  —  Sm 
[or  equivalently  (Sm  —  Sm)/a]  is  a  gjven  con¬ 
stant  C. 

The  distances  8m,  &•  are  geodesics  and  are 
approximated  on  an  oblate  sphere  of  whiaII  ec¬ 
centricity  by  passing  a  plane  through  the  cen¬ 
ter  of  the  oblate  sphere  and  the  two  points  P„ 
P,  or  P«,  P„  and  taking  the  intereection  of  this 
idane  with  the  dUate  sphere  as  the  geodesic. 
This  procedure  produces  (tJrbano,  unpublished 
note,  Geodetic  distance  on  an  oblate  earth) 
the  following  formulas  that  have  been  pro¬ 
gramed  for  the  AFCRC  computer.  In  order  to 


tan  (a/kii)  tan  ft 

—  »  f  ’  Vl  ~  s„*oin*^d4 

«  J*, 

AcknouUdgmoMt.  We  are  greatly  indebted  to 
Mr.  A.  P.  Taylor  and  his  associates  at  the  Dun¬ 
stable  Station  of  the  British  Meteorological  Office, 
whose  very  generous  cooperation  made  the  sferics 
eiperiment  posable.  We  also  thank  Mr.  E.  T. 
Pierce  of  AVCO  Corporation,  and  Mr.  A.  L.  Maid¬ 
ens  of  the  Britirii  Meteorological  Office,  for  en¬ 
couraging  the  experiment  and  asHiBt.ing  its  arrange- 
moits. 

Thanks  am  also  due  Mr.  Rocoo  Urbano  of  the 
AFCRC  Computer  and  Mathematical  Sciences 
Laboratory  for  contributing  Appendix  B  of  this 
report,  and  to  Mr.  Lewis  A.  Wastian  of  the  same 
proup  for  programing  the  isochron  calculations. 

Finally,  we  thank  the  staff  of  the  U.  8.  Em¬ 
bassy  in  London  for  osaistaBoe  in  forwarding  data, 
and  Mr.  A.  R.  Sbns  of  AFCRC  Propagation  Sci¬ 
ences  Laboratoy  for  hia  painstaking  care  in  proc- 
eeaing  and  analysing  the  film  records. 


1905 


SYMPOSIUM  ON  SFERIC8  AND  THUNDERSTORM  ELECTRICITY 


AFCRC  perKnnel  are  reipoiunble  for  the  con¬ 
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